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Introduction 


During this report period work has progressed on theoretical 
investigations of the use of super latt ices for promoting the efficiency of 
electroluminescent devices and the MBE growth of ZnS on GaAs and Si 
substrates. The first of these investigations has been prepared for 
publication and is presented in the following section. The MBE growth 
activities as described in section 2. 


1. Theoretical Device Modeling 
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Abstract 


We present a new, highly efficient DC electroluminescent display. A 
variably spaced superlattice structure is used to produce high energy injec- 
tion of electrons into a ZnSe:Mn active layer in which impact excitation of 
the Mn centers can occur. The device is predicted to operate at an applied 
external bias on order of magnitude less than the best DC electroluminescent 
device to date. The device is predicted to have comparable brightness, since 
it operates in the saturation regime. The improved efficiency stems from 
avoiding significant energy loss to phonons. The electrons sequentially 
tunnel through a multilayer ZnSe/CaSrF 2 stack under bias and emerge into the 
active layer at an energy equal to the conduction band bending. The injection 
energy is chosen to coincide with the impact excitation energy of the Mn 
centers. Different device designs are presented and their performance is 
predicted. 
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1 • Introduction 

The vast majority of computer terminal displays are presently made with 
cathode ray tubes, CRTs. CRTs are reliable, inexpensive, high quality visual 
color displays. However, CRTs have limited usefulness in lightweight, 
portable terminals owing to their large size, fragility, and high voltage 
requirements. Alternatively, flat panel displays, such as electroluminescent, 
liquid crystal and plasma displays, are being developed for lightweight, 
portable computer terminals. Each of these emerging technologies, in turn, 
has its own limitations. Liquid crystal displays, though they provide high 
quality resolution at low power requirements, only emit a single color. 
Plasma displays can be made to emit different colors, but at present these 
displays are prohibitively expensive. Present electroluminescent, EL, devices 
consume much power and, thereby, require high voltage drive sources. However, 
EL displays can be made to emit in different colors and can be reliably 
manufactured. Therefore, at present, none of the three technologies has 
clearly emerged as the successor to the CRT [1]. 

Electroluminescent displays are presently very inefficient in terms of 
power output and brightness versus electrical power input. The basic EL 
mechanisms are low field, minority carrier injection as in light emitting 
diodes, and high field acceleration of majority carrier electrons to optical 
energies at which luminescent centers can be impact excited [2,3]. High field 
EL was first reported in ZnS [4] and since has been investigated in a host of 
new materials as an application of new thin film technology [5-10]. Two basic 
device schemes have been realized to date using AC and DC power supplies, 
respectively. 
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AC electroluminescent devices are made by encapsulating a large band gap 
semiconductor, such as ZnS:Hn or ZnSe:Hn, by two insulating layers, typically 
^2®3' either side of the semiconductor layer. An AC bias is applied across 
the device which alternately accelerates the electrons from one semiconductor/ 
insulator interface to the other. The source of the charge carriers is 
believed to be the interface states which exist between the semiconductor and 
insulator layers [2,3]. Due to the relatively small number of interface 
states, the free carrier distribution is quite small, < 1.0 x 10^^ 1/cm^ [3]. 
Electroluminescence occurs when the free carriers are accelerated to suffi- 
ciently high energy such that impact excitation of the Mn centers is possible. 
The probability of an electron impact exciting a center depends upon the 
collision cross section, the density of centers in the semiconductor layer, 
and the probability of am electron achieving the impact excitation threshold 
energy. 

DC electroluminescent devices, first reported by Thornton [11], have been 
realized using raetal-insulator-semiconductor, M-I-S, metal-insulator-metal, 
M-I-M, structures or Schottky barriers [12,13]. In these devices, the source 
of free charge carriers is the metal electrode. Through application of a 
reverse bias in a Schottky barrier device, electrons tunnel from the metal 
into the semiconductor. Similar tunneling of electrons through a very narrow 
insulator layer in M-I-S devices leads to significant carrier injection. The 
principle advantage of DC electroluminescent devices over their AC counter- 
parts is due to the much larger free carrier concentration within the DC 
device available to impact excite the luminescent centers, i.e., Mn or 
comparable rare earths in the ZnS or ZnSe layers. 
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DC EL devices are operated in two different modes, continuous and pulsed. 
Pulsed operation typically results in longer device lifetimes at the same 
brightness levels as compared to continuous operation [12], Nevertheless, 
performance deterioration with time is a critical disadvantage of DC EL 
devices. The deterioration in continuous DC devices is due to the increase in 
resistivity which can be partially offset through pulsed operation [12], 
Resistive deterioration does not occur in kC devices since they are capacitive 
structures. Additional advantages of DC over AC EL devices are lower power 
consumption, more versatility in shape and size, and ease of construction 
[12], 

At present all electroluminescent devices suffer from poor power 
efficiencies, i.e., 0.1% for DC EL devices [12], The poor device efficiencies 
appear to be due to several factors, difficulty in heating sufficient carriers 
to energies high enough to impact excite the centers, small collisional cross 
sections for excitation, and limited center concentrations due to quenching 
effects [2]. The main requirements for a center are inner shell transitions 
well shielded from the applied electric field, isovalent or neutral to avoid 
drift aided diffusion of the centers (this is of greatest importance in the DC 
devices since the field always points in the same direction), large cross 
section for impact excitation, high solubility, high radiative efficiency 
within the center, and emission within the visible spectrum [2]. To date the 
center identified with the most favorable qualities is Mn within either ZnS or 
ZnSe. In light of the restraints upon the center, it is difficult to improve 
upon either the excitation cross section, an intrinsic property of the center 
itself, or upon the doping concentration of centers (at high concentrations of 
Mn, quenching [2] occurs, reducing performance). Consequently, efficiency 
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enhancement can best be achieved by increasing the number of hot electrons 
available within the semiconductor layer. 

The most obvious means of increasing the hot electron concentration is by 
application of a high electric field across the semiconductor layer. In 
steady state, the carrier heating from the field is balanced on average by 
inelastic scattering processes. The principle scattering processes which act 
to relax the energy of the distribution are phonon scattering, impact ioniza- 
tion, and in the case of EL devices, impact excitation. Both impact ioniza- 
tion and excitation are threshold processes in that the carriers must achieve 
sufficient energy in order to initiate the process. In a wide band gap 
semiconductor such as ZnSe or ZnS, extremely high electric fields must be 
applied to heat the electrons to sufficient energies in order to affect impact 
excitation of luminescent centers. The maximum electric field that can be 
applied, though, is limited by the onset of drift aided diffusion of the 
excitation centers and ultimately by dielectric breakdown of the semiconductor 
itself. Therefore, few electrons survive from field heating alone to high 
energies at which impact excitation can occur, resulting in very low effi- 
ciency operation of existing EL devices. 

It is Instructive to analyze the nature of the electron distribution 
function in a typical wide band gap semiconductor such as ZnSe under the 
application of an applied electric field. The competing processes of field 
heating and phonon energy relaxation result in only a very small fraction of 
the electrons attaining high energies. For purposes of illustration, the 
steady state electron energy distribution is calculated using an ensemble many 
particle Monte Carlo simulation [14,15] which includes the full details of the 
first and second conduction bands in ZnSe derived from an empirical pseudo- 
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potential calculation [16]. The calculation includes a full description of 
the electron-phonon scattering processes as treated using collisional 
broadening [17], as well as the impact ionization process using the Keldysh 
formulation [18]# The calculation assumes a "soft" impact ionization 
threshold based on the assumption that the ionization rate in ZnSe is much 
less than in a more narrow band gap semiconductor such as GaAs. A future 
paper will treat the high energy transport properties of ZnSe and ZnS, steady 
state drift velocities, and impact ionization rate in much closer detail. 

The distribution function at several applied electric fields, 500.0, 
700.0, and 1000.0 hV/cm, is presented in Figure 1. As can be seen from 
Figure 1 , at each applied electric field, the high energy tail of the distri- 
bution is quite small. The probability of an electron drifting to an energy 
at or above the excitation energy, ~2.3 eV for Mn centers, is low even at 
1000.0 kV/cm. In order to impact excite a center, an electron must have an 
energy greater than or equal to the excitation energy. At energies above 
2.7 eV, impact ionization competes with the impact excitation to cool the 
carrier distribution. 

As mentioned above, the efficiency ratio of input power to output power 
(brightness) can best be improved through producing more high energy carriers 
within a narrow energy range near the excitation energy. An efficient means 
of injecting carriers at high energy is through use of a heterojunction [19]. 
The injection energy is provided by the potential energy offset, due to the 
conduction band edge discontinuity between two adjacent semiconductor layers. 
The realization of a hetero junction discontinuity of ~2.3 eV at a ZnS or ZnSe 
interface is totally impractical since the band gaps of these materials are 
extremely large. Consequently, a novel means is necessary to provide high 
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energy injection of electrons into either ZnS or ZnSe to promote impact 
excitation of the luminescent centers. We propose herein a new superlattice 
injection scheme using a variably spaced superlattice [20], which provides 
efficient high energy injection of carriers in a sharp distribution centered 
around the impact excitation energy of the luminescent center. 

2 » Device Scheae and Model Description 

As discussed above, the most obvious means of heating the free carrier 
distribution in a semiconductor is through the application of an electric 
field. Under steady state conditions, field heating is balanced on average by 
competing phonon cooling events which determine the average energy of the 
distribution. Fluctuations from the average energy, arising from carriers 
gaining more energy from the field than is lost to the phonons, occur over 
small lengths of time. These carriers, which deviate from the average 
ensemble behavior, constitute the high energy tail of the distribution 
function and produce impact excitation events. In order to greatly enhance 
the number of carriers in the high energy tail of the distribution, a means of 
defeating the phonon cooling process, even over only a short distance or 
length of time, is necessary. 

Three methods have recently been disclosed which provide means of locally 
heating the electron distribution functions well above the quasi-steady state 
average energy. Local electron heating can be accomplished through use of 
potential step discontinuities as in multiquantum well/super lattice structures 
[21,22], by use of a built-in electric field arising from a fully depleted 
p-i-n or p-n junction in conjunction with a band edge discontinuity [23-27], 
or by use of resonant tunneling in a superlattice structure [20,28]. In all 
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of these structures, the electron energy distribution function is greatly 
heated so as to effect a large enhancement in the electron impact ionization 
rate, a threshold process similar to the impact excitation process. 

Electroluminescent devices are unipolar. Since no holes are present in 
the device, one is concerned only with engineering the conduction band through 
the use of multiquantum wells and superlattice schemes. The variably spaced 
superlattice scheme [201 provides a means of selectively heating the electron 
energy distribution through conduction band edge engineering. Figure 2 illus- 
trates the basic operation of the variably spaced superlattice. The super- 
lattice is designed such that under reverse bias the levels in each quantum 
well become resonantly aligned. This provides a resonant tunneling channel 
through the superlattice. Owing to the conduction band bending, due to the 
applied electric field, the electrons are then injected into the active 
semiconductor layer (ZnSe doped with Mn centers) at extremely high energies 
with respect to the conduction band minimum. In this way, the electron energy 
distribution is locally heated to an energy centered on the impact excitation 
energy of the luminescent center. 

The basic EL device scheme is composed of either one stage or stages of 
unit cells containing a variably spaced superlattice immediately followed by 
an active semiconductor layer. The overall bias supplied must be sufficiently 
large to resonantly align each superlattice. Any residual bias is dropped 
across the semiconductor layers producing an electric field within the layers. 

The device geometry, potential barrier widths and heights and quantum 
well widths, is determined using an exact solution of the sequential resonant 
tunneling problem in multilayered structures under bias [28,29]. The trans- 
missivity of the structure is determined as a function of the incident 
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electron energy using the transfer matrix approach. The well and barrier 
widths are adjusted such that under the bias corresponding to the desired 
electron injection energy, ~2.5 eV in the case of Mn centers in ZnSe, a 
resonant tunneling channel occurs at low energies. Therefore, electrons near 
the fermi energy in a metal contact to the left of the superlattice can 
resonantly tunnel through the structure and emerge at an energy ~2.5 eV. 

3. Device Design and Performance 

The proposed device consists of two separate regions, a variably spaced 
superlattice made from ZnSe lattice matched to the CaSrF 2 ternary compound, 
and a ZnSetMn active layer. The variably spaced superlattice provides for 
high energy electron injection, ~2.5 eV, into the active layer in which impact 
excitation of the Mn luminescent centers can occur. The voltage drop across 
the superlattice therefore must remain fixed at ~2.5 volts. However, the 
voltage drop within the active layer can be controlled by doping the ZnSe 
layer accordingly. We present below different designs for both regions, the 
superlattice and the active region, and estimate the relative improvement in 
luminescent efficiency over devices using bulk ZnSe:Mn layers. 

The design of the superlattice region is obtained based on an exact 
solution of the sequential resonant tunneling problem under bias [28]. The 
device can only be designed by recursively calculating the transmissivity 
until apparent alignment of the resonance peaks, corresponding to the confined 
quantum states, occurs. The sequential tunneling calculation is necessary 
since it includes the effects of coupling between the quantum states. 
Decoupled treatment of the quantum wells incorrectly predicts the energy 
resonances. The energy of the resonance is most sensitive to the widths of 
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the individual quantum wells. Increasing the well widths acts to lower the 
confined states energy levels, while decreasing the widths raises the energy 
levels. Near resonant alignment of a three well, four barrier variably spaced 
ZnSe/CaSrP 2 superlattice is presented in Figure 3. In calculating the trans- 
missivities, different electron effective masses have been assumed within the 
barriers and the wells, 0.17 and 0.5, respectively. The effective mass in 
CaSrF 2 is only a very rough approximation since very little information is 
available about this compound. 

The effect of the potential barrier heights on the transmission 
coefficients and resonances is presented in Figure 4. The potential barrier 
heights are all taken to be 4.0 eV which results in decreased coupling and 
transmissivity. In addition, the levels shift upwards in energy. This is as 
expected since as the depth of any quantum well increases, the energy levels 
arising from spatial quantization effects within it increase. 

Decreased coupling and transmissivity also occurs in structures in which 
the barrier widths are increased. Figure 5 illustrates the effect on the 
transmissivity of increased barrier widths. As is apparent from a comparison 
of Figures 3 and 5, the first resonance disappears entirely. It is important 
to realize that increasing the barrier widths at constant bias acts to reduce 
the effective electric field within the structure. A more accurate determi- 
nation of the influence of the barrier widths on the resonances can be 
attained by adjusting the bias such that the field remains constant throughout 
the superlattice. Figure 6 plots the transmissivity as a function of incident 
carrier energy under constant electric field for a 25 A barrier width device. 
Interestingly, the resonances are all split further apart and are shifted 
upwards in energy than those in Figure 3. 
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The three well, four barrier device of Figure 3 requires extremely small 
quantum well widths, as well as a very high electric field* In general, this 
scheme must be considered impractical from a materials growth point of view, 
A more practical device structure can be realized by aligning the first two 
n * 1 levels with the n « 2 quantum level in the third well. Such a structure 
is presented in Figure 7* This structure has the advantages of not only less 
stringent materials growth requirements but also operating at a lower electric 
field* 

Another obvious way of reducing the electric field is to simply increase 
the number of wells used in the device* Figure 8 shows a four well, five 
barrier device design which also provides 2*5 eV injection* As in the case of 
the three well device of Figure 3, the well dimensions cannot be considered 
practical* Other device designs of four or more wells using higher order 
quantum levels can certainly be made* Unfortunately, the design of these 
structures is difficult since it requires repeated iterative calculations of 
the transmissivities* The procedure we have adopted is as follows* A three 
well structure is first studied to identify the nature of each resonance, 
i*e*, which quantum level, n > 1 ,2,3, * * *, in which quantum well, first, 
second, etc* In order to bring the levels into alignment, first the well 
widths are varied accordingly* If the level must be lowered in energy, the 
corresponding well width is widened* Conversely, if the level must be raised 
in energy, the corresponding well width is decreased* The barrier widths and 
heights are adjusted in order to increase the transmission, smaller barrier 
heights and widths act to increase the transmissivity* However, as seen from 
comparing Figures 3, 4, and 5, it is apparent that the barriers also influence 
the energies of the resonance* As pointed out above, as the barrier width is 
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changed, the effective electric field within the structure changes unless the 
bias is adjusted accordingly. In the device application of interest here, the 
injection energy is a design constraint. Therefore, the operating bias is not 
a freely adjustable parameter. Consequently, changes in the barrier widths 
require additional changes in the well widths. The strong interaction amongst 
the quantum levels then acts to greatly complicate the analysis of the 
structure. Further work is underway to find a more efficient means of 
predicting the resonant alignments as a function of the well widths, barrier 
heights, and barrier widths. 

It is important to determine the optimal electric field within the active 
layer under which the impact excitation of the luminescent centers will be 
most effective. As mentioned above, the effective electric field within the 
active region can be engineered by adjusting the resistance through doping. 
The electron energy distribution function as a function of elapsed travel time 
has been calculated under the initial condition of 2.5 eV injection at various 
applied electric field strengths* The calculations are made using the 
ensemble Monte Carlo method described above. The effect of the electric field 
on the weighted distribution (includes the effect of the density of states) is 
presented in Figures 9-14. Electric field strengths varying from 10 to 
1000 kV/cm are considered. The necessary doping is easily determined from the 
effective field strength as. 


(Fi + V) 


qApFR^ 


(1 ) 


where F is the electric field in the active region, I is the length of the 
active region, V is the total external bias applied, q is the electron charge, 
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A is the cross sectional area, and is the resistance of the SL (which is 
easily calculated from the potential drop of 2.5 volts divided by the current 
flow obtained from the transmissivity plots). 

As can be seen from Figures 9 and 10, at low field strength the energy 
distribution relaxes quickly to lower energies. The "bunching up" of the 
distribution at 1.50 eV is due to the relatively small intervalley scattering 
rate between L and F. Many of the electrons are scattered into the L valley 
following the high energy injection. The field heating is insufficient to 
maintain the high average energy of the distribution. Therefore, since the 
intervalley relaxation rate back to gamma is not very strong, owing to the 
small density of states in gamma, the distribution tends to collapse towards 
the intervalley threshold energy, 1.50 eV. Some of the electrons remain in 
the r valley after injection and thermalize through polar optical emission 
events. These electrons have a high velocity. Consequently, the mean 
distance traveled by the electrons is much farther than if all of them are 
transferred into the subsidiary valleys. 

As the applied electric field is increased, the distribution remains 
hotter over a longer duration. Figures 11-14. Many more carriers stay 
centered about the excitation energy. It is expected then that the impact 

excitation rate will greatly increase as the number of incident carriers 
centered about the collisional excitation energy increases. Table 1 shows the 
percentage of the electrons within the collisional excitation range, 2.5 to 
2.1 eV, as a function of electric field and resulting total external bias 
(sum of the voltage drop within the active layer and across the superlattice 
region). It is interesting to note that as the field increases above 

500 kV/cra, the distribution is again greatly cooled due to extensive impact 
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ionization, even after only 0.3 psec of travel time. There exists a tradeoff 
in the value of the electric field within the active region; too small a field 
results in rapid cooling of the distribution, while too large a field results 
in extensive impact ionization and subsequent cooling. From examination of 
Table 1 and Figures 9-14, it appears that the optimal electric field within 
the active region lies within the field range of 100-500 hv/cm. 

The important question still remains; how does the proposed device 
compare to existing DC EL devices made from ZnSe:Mn? The critical issue, of 
course, is the relative efficiencies of the devices which are best measured in 
terms of the ratio of the output power (brightness) versus the input elec- 
trical power (energy needed to produce luminescence in the device). Ohnishi 
et al. [9] have recently reported a highly efficient bright green DC EL 
display using ZnSe. Their optimal device requires a driving voltage of ~60 
volts. According to our projections in Table 1, the driving voltage per stage 
necessary in the SL device, of 500 A width active layer, is roughly an order 
of magnitude less. 

Use of a much lower applied DC bias is critical, not only from an 
efficiency standpoint but also from a device lifetime point of vidw. DC EL 
devices have long been Icnown to suffer brightness deterioration under 
continuous operation [9]. The deterioration results mainly from the occur- 
rence of nonemissive points. The dark spots result from thermal breakdown 
caused by extremely high current flow through a weak spot in the active layer 
[9]. Therefore, if the voltage drop is less throughout the active layer, less 
IR heating occurs within weak spots thereby extending the lifetime of the 
device. 
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The output brightness of the device is best experimentally measured. 
Experimental work is presently underway to first grow and measure the proposed 
device. In the absence of experimental measurements, the relative efficiency 
of the proposed device to standard devices using bulk ZnSetMn serves as the 
best performance measure of the proposed structure. There are two ways of 
calculating the impact excitation frequency within the device structure. From 
use of the Monte Carlo method and knowledge of the collisional cross section 
as a function of incident electron energy, the impact excitation rate can be 
determined similar to the approach used for impact ionization [14]. This 
approach relies entirely upon the accuracy with which the collisional proba- 
bility can be assessed. In principle, the collisional probability can be 
determined from a calculation of the quantum mechanical matrix element as has 
been done for the impact ionization process [30-31]. The collisional 
excitation case though is radically different from the impact ionization 
• process in that the transition occurs only over a relatively sharp energy 

range, that corresponding to the optical transition in the Mn atom. A future 
work will address this problem more fully. Alternatively, the excitation 
frequency can be estimated from the following 

1/T ~ f(v,0,(|») V N 0(0,9') dft' (2) 

where f(v,9,^) is the distribution function, v is the average electron 
velocity, N is the number of target centers, and o(9,9') is the collisional 
cross section as a function of angle. If we assume a 1% Mn concentration 
(1\ has been shown experimentally to give the maximum brightness [2]) and a 
saturation velocity of "1.0 x 10^ cm/sec, equation (2) becomes. 
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1/T ~ 4 X 10^^ f(v,0,.J)) dfl' 


(3) 


Finally/ if both f(v,0/(^) and o(0,0') are tadcen to be isotropic, the impact 
excitation frequency becomes, 

1/t 5.0 X 10^^ f 1/sec (4) 

where f is the average normalized distribution function centered about the 
excitation energy, 2.5 to 2.1 eV. Since we only need compare between devices, 
the actual number of carriers does not enter into the calculation. All that 
is important is the relative number of electrons capable of impact exciting 
the luminescent centers. From Figure 1, f can be estimated in ZnSe at steady 
state conditions under an applied field of 1000 kv/cm to be (take the area 
under the curve between 2.5 and 2.1 eV), 0.045 or 4.5%. From Table 1, at 

300 kV/cm, the values of f at 0.1, 0.2, and 0.3 psec of travel time are 71.2%, 

29.4%, and 19.0%. Clearly, the proposed device dramatically increases the 

number of excitation events over those devices using high electric field 

excitation within bulk ZnSe. 

The total number of excitation events, of course, depends upon the 
integrated probability, averaging of the distribution over the full transit 
distance of the active layer. This cannot be readily performed correctly, 
since after an excitation event occurs the incident electron no longer is 
available to excite another center, which is not taken into account in the 
above. Clearly, the Monte Carlo procedure discussed above is the best means 
of estimating the excitation frequency. Nevertheless, the above graphically 
illustrates the importance of the variably spaced superlattice device. 
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Conclusions 


We have presented a new EL device which provides for efficient, high 
energy injection of electrons into an active layer (region doped with 
luminescent centers) through the use of a variably spaced super lattice. 
The device is predicted to operate at an applied external bias an order of 
magnitude less than the best EL device to date. The improved efficiency stems 
from the fact that the electron distribution is heated by sequential resonant 
tunneling through a multilayer ZnSe/CaSrF 2 stack. The electrons emerge from 
the superlattice at an energy equal to the band bending of the conduction 
band. Due to the quantized energy levels within the super lattice, the vast 
majority of carriers transit the structure without suffering significant 
phonon cooling. In contrast, existing DC EL devices require extremely high 
applied biases to heat sufficient carriers to the excitation energy since 
competing phonon cooling events occur. The proposed superlattice device 
defeats phonon cooling in heating the distribution. 

The device design can be split into two separate issues, the design of 
the superlattice and the active layer. Use of higher quantum levels, n * 2,3, 
etc., is necessary in order to design a multilayer stack capable of being 
realized experimentally. In addition, multiple well designs, four or more 
wells, can be used. 

The improvement in the excitation frequency over that in standard DC 
devices has been demonstrated. It is expected that the brightness levels will 
be comparable (most DC devices saturate in brightness as the number of inci- 
dent electrons of sufficient energy becomes equal to the number of luminescent 
centers) in the proposed device, but at much lower bias requirements. 
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Figure Captions 


Figure 1 ; 


Figure 2: 


Figure 3: 


Figure 4: 


Figure 5; 


Calculated electron energy distribution function in bulk ZnSe at 
three different electric field strengths, 500, 700, and 1000 kV/cm 
respectively. The distribution function is weighted by the 
density of states function. 

Schematic representation of the variably spaced superlattice 
scheme. a) Device geometry; b) zero bias; c) applied bias, 
eV ~ . 

Logarithm of the transmissivity as a function of the incident 
electron energy for a three well, four barrier ZnSe/CaSrF 2 vari- 
ably spaced superlattice. The resonances corresponding to the 
confined quantum states in the wells are resonantly aligned at low 
energy providing a tunneling channel for high energy injection. 
Logarithm of the transmissivity as a function of the incident 
electron energy for a three well, four barrier ZnSe/CaSrF 2 vari- 
ably spaced superlattice as described in the drawing. Note that 
in this case, all of the barrier heights are 4.0 eV as compared to 
those in Figure 3. Physically, the wells become less coupled, the 
transmissivity decreases (structure becomes more opaque) and the 
resonances occur at higher energies in accordance with the 
behavior of confined states in quantum wells. 

Logarithm of the transmissivity as a function of the incident 
electron energy for the three well structure presented in 
Figure 3, but with 25 A barrier widths. Again, notice that the 
coupling between the resonances is reduced, as witnessed by the 
spreading of the resonance peaks. The first resonance disappears 
entirely. 
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Figure 6: 


Figure 7; 


Figure 8: 


Figure 9: 


Figure 10: 


Figure 11: 


Logarithm of the transmissivity as a function of the incident 

electron energy for the three well structure considered in 

Figure 5. In this case, the bias is adjusted such that the 
effective electric field is identical to that of the device in 

Figure 3. It is apparent that widening the barriers results in 
extensive decoupling of the resonances. 

Logarithm of the transmissivity as a function of the incident 

electron energy for a three well, four barrier structure using the 
n * 2 quantum level in the third well. The distinct advantage of 
this design is the relaxed constraints on the materials growth 
technology in addition to lower field operation. 

Logarithm of the transmissivity as a function of the incident 

electron energy for a four well, five barrier ZnSe/CaSrF2 

structure. The interaction between the resonances is such that 

closer resonant alignment is not possible. The particular 
advantage of this structure is that a much lower electric field is 
required for 2.5 eV injection than in the three well structure. 

Twenty angstrom (20 A) width barriers are chosen to reduce the 

coupling and, hence, repulsion between the levels. 

Calculated electron energy distribution function in ZnSe following 

2.5 eV injection at a field strength of 10 kV/cm. 

Calculated electron energy distribution function in ZnSe following 

2.5 eV injection at a field strength of 30 kV/cm. 

Calculated electron energy distribution function in ZnSe following 

2.5 eV injection at a field strength of 100 kV/cm. 
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Figure 12; 


Figure 13; 


Figure 14; 


Calculated electron energy distribution 
2.5 eV injection at a field strength of 
Calculated electron energy distribution 
2.5 eV injection at a field strength of 
Calculated electron energy distribution 
2.5 eV injection at a field strength of 


function in ZnSe following 
300 kV/cm. 

function in ZnSe following 
500 kV/cm. 

function in ZnSe following 
1000 kV/cm. 
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Table 1 


Comparative Device Efficiencies as a Function of Applied Field 
for a 500 A Hide Active Layer Width 


Elapsed Time (psec) 

Mean Distance (A) 

% Carriers Within 
2.5 to 2.1 eV 

(1) F = 10 kV/cm; Total Bias * 
0.1 

2.55 volts 

108.5 

71.9 

0.2 

168.0 

22.4 

0.3 

244.0 

8.4 

0.4 

343.0 

4.7 

0.5 

461.0 

3.2 

steady state 

— 

0.0 


(2) F = 30 kV/cm; Total Bias = 

2.65 volts 


0.1 

140.0 

73.3 

0.2 

185.0 

24.7 

0.3 

258.0 

26.2 

0.4 

366.0 

5.7 

0.5 

450.0 

3.0 

steady state 

— 

0.0 


(3) F = 100 kV/cm; Total Bias = 

3.0 volts 


0.1 

74.0 

79.3 

0.2 

121 .0 

30.0 

0.3 

178.0 

12.0 

0.4 

270.0 

6.8 

0.5 

353.0 

3.9 

steady state 

— 

0.0 


(4) F = 300 kV/cm; Total Bias = 

4.0 volts 


0.1 

84.0 

71 .2 

0.2 

135.0 

29.4 

.0.3 

188.0 

19.0 

0.4 

250.0 

11.9 

0.5 

302.0 

8.1 

steady state 



0.3 
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Table 1 (Continued) 


Elapsed Time (psec ) 

Mean Distance (A ) 

% Carriers Within 
2.5 to 2.1 eV 

(5) F * 500 kV/cm; Total Bias 

*5.0 volts 


0.1 

66.2 

64.6 

0.2 

130.0 

45.0 

0.3 

186.0 

26.0 

0.4 

264.0 

19.0 

0.5 

323.0 

14.6 

steady state 

— 

2.5 


(6) F * 1000 kV/cm; Total Bias * 

7.5 volts 


0.1 

30.0 

25.5 

0.2 

144.0 

17.3 

0.3 

197.0 

13.1 

0.4 

256.0 

12.8 

0.5 

302.0 

11.5 

steady state 

— 

4.5 
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Electron Energy Distribution Function {%) 


OJ 

-I 
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ZnSe T » 300K 

Curve Field (kV/cm) 

1 500 

2 700 

3 1000 


















Barriers, 2.5 Volts Bias 





Barriers, 2.5 Volts Bias 











ENERGY (EV) 





ENERGY 



ZnSe/CaSrF 

















Applied Field ” lOkV/cm 





DISTRIBUTION FUNCTION 
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Injection Energy » 2.5 eV 
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Injection Energy ■ 2.5 eV 
Applied Field ■ 100 kV/cnt 








Injection Energy “ 2.5 eV 





2. Heteroepitaxial Growth of ZnS by MBE 


In the initial phase of research on heteroepitaxial ZnS films, 
different growth conditions were investigated to determine those optimum 
for ZnS growth on GaAs or Si substrates. The first goal was to obtain 
epitaxial films of uniform thickness and good surface morphology. The 
layers were studied principally by in-situ Reflection High Energy Electron 
Diffraction (RHEED) in order to understand the relationship between 
epitaxial film nucleation conditions and surface structure. Phase-contrast 
microscopy was used to determine surface roughness and step profilometry to 
measure film thickness. 

The first choice of substrates for the heteroepitaxial growth of ZnS 
were (lOO)-oriented GaAs. GaAs was chosen because of previous experience 
at Georgia Tech with the growth of other 11-VI compounds such as CdTe and 
ZnTe on this substrate. The growth of epitaxial ZnS on GaAs substrates has 
been demonstrated using both MBE and Organometallic Vapor Phase Epitaxy 
(OMVPE)^~^, although little film characterization was reported and no 
results on Mn doping were presented. 

2.1 Growth of ZnS on GaAs Substrates 

Ten runs were made on (lOO)-oriented GaAs, with the growth conditions 
and film results summarized in Table 1. Runs #3-7 were performed in a MBE 
system designed and built at GTRI, and runs #8-10 in a commercial Varian 
MBE/Gen II system. The homemade MBE is equipped with separately-pumped 
load-lock, isolation chamber and growth chamber. Vacuum conditions before 
and during growth were recorded by a Quadrapole Mass Spectrometer (QMS). 
With the source furnaces at their operating temperatures and the LN 2 - 
shrouds cooled the base pressure was at the X-Ray limit of the Bayard- 
Alpert gauge, IxlO^^torr. QMS indicated the residual gases were composed 
mostly of H 2 and CO with negligible amounts of H 2 O and hydrocarbons. A 
typical QMS spectrum is shown in Fig. 1. 

After chemical preparation and loading, the GaAs substrates were 
transferred to the isolation chamber until needed for growth. Before a 
growth run, the substrates were placed in the growth chamber and outgassed 
overnight at a temperature of 250®C— 400®C to remove low vapor pressure 
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contaminants and allow the vacuum conditions to stabilize before epitaxy. 
Polycrystalline ZnS chunks from Raytheon and CVD, Inc. were used in a 
single graphite furnace to produce molecular beams of Zn and S 2 . 

Growth runs #3-6 yielded poor films or no films at all. The results 
stemmed from two possible causes. First, the beam-equivalent pressures 
(BEP) of Zn and S 2 were too small to nucleate a film due to evaporation of 
the Zn and/or S 2 atoms from the substrate. This effect is substantiated by 
the experimentally observed small sticking coefficients of Zn and $2 
GaAs surface^. Secondly, our chemical cleaning and mounting procedure for 
these four GaAs substrates did not produce a sufficiently thick surface 
oxide to prevent surface degradation (i.e. Arsenic loss) during substrate 
outgassing. Also, it is possible that the oxide on the GaAs was not 
completely desorbed before growth. Therefore, for the next set of 
substrates an improved wet chemical cleaning procedure was used. These 
substrates were also air-baked at 300<^C in dust-free conditions to form a 
uniform, protective surface oxide layer. The first growth run using these 
substrates, #7, was quite encouraging. The oxide desorption temperature 
was accurately determined using the RHEED pattern as 690^C, as shown in 
Fig. 2. A RHEED pattern of the growing film is shown in Fig. 3. Although 
the pattern is spotty and indicates three-dimensional growth and surface 
roughness on a sub-micron scale, no extra diffraction spots due to film 
twinning are visible. Also, Kikuchi band formation was observed toward the 
end of film growth indicating improving crystalline quality. Phase- 
contrast microscopy showed a smooth, featureless surface at lOOOx 
magnification for Run #7. 

The next ZnS growth runs, #8-10, on (lOO)-oriented GaAs were performed 
in a Varian MBE/Gen II dedicated to II-VI materials. A PBN crucible loaded 
with CVD, Inc. ZnS was used to produce the molecular beams of Zn and S 2 . 
Substrates were chemically cleaned using the procedure of Growth Run #7 and 
placed in the load lock where they were outgassed at 400^C for 
approximately 4 hrs at 10"6 torr. After cooling the bring 

the ZnS oven to its deposition temperature, the GaAs substrates were loaded 
into the growth chamber and heated to 500^C to further outgas the 
substrate* During this step the substrate was turned away from the source 
flange to minimize contamination of the growth position. 
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After observing the oxide desorption from the GaAs surface with RHEED, 
the shutter to the ZnS furnace was opened to allow a Zn and S 2 flux to be 
incident on the GaAs surface while at the oxide desorption temperature. 
Previous ZnS/GaAs runs did not have Zn and S 2 fluxes incident on the GaAs 
until the substrate temperature bad dropped by approximately 300°C. The 
RHEED pattern after oxide desorption showed a Ga-rich surface. With Zn and 
S 2 fluxes incident, the GaAs surface smooths and reconstructs as shown in 
Fig. 4. The change in the surface reconstruction is hypothesized to result 
from the formation of a surface GaAs:S layer, in analogy to similar 
reaction observed between the GaAs surface and elemental Se and Te 
There is a possibility that through control of the composition of this 
surface layer, improved lattice matching or decreased epitaxial layer 
strain may be achieved. Research is underway to better understand this 
surface layer and optimize it for improved epitaxial layer quality. It 
should be noted however, that at this high substrate temperature no film 
grows on the GaAs surface. 

As the substrate temperature was lowered from the oxide desorption 
temperature under the Zn and S 2 fluxes, the reconstruction of Fig. 4 was 
lost, although the RHEED pattern remained streaky. For further decrease in 
substrate temperature, the RHEED pattern becomes spotty as shown in Fig. 5. 
This change was attributed to the beginning of ZnS growth, although no film 
was observed until the substrate temperature dropped another 200°C to 
250*^0-185^0. At this temperature a uniform, colored film was visible on 
the substrate. With continued growth there is a drastic improvement in the 
RHEED pattern, with 2-fold reconstruction and bright Kikuchi band formation 
as shown in Fig. 6. Analysis of the RHEED patterns shows that the ZnS 
layer grows with a (100) surface orientation aligned with the (100)- 
oriented GaAs substrate. Examination of these epitaxial layers with phase- 
contrast microscopy showed a smooth surface except for small defects due to 
particulate contamination on the surface. However, SEM imaging of the 
surface at a glancing angle revealed a slight surface texture not revealed 
by phase-contrast microscopy. Phase-contrast microscopy and SEM 
photographs of the ZnS/GaAs (100) Growth Run #8 surface are shown in Figs. 
7 and 8, respectively. 

The RHEED patterns and surface morphology results for growth runs 
#8-10 were the best for any layer grown on either GaAs or Si substrates. 
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In fact, a comparison of RHEED patterns for heteroepitaxial ZnS from the 
literature and from runs #8-10 shows the latter to be far superior in terms 
of intensity and uniformity of the streaked pattern and the brightness of 
the Kikuchi bands * . Presently a set of growth runs is under way to 
optimize ZnS quality as assessed by double crystal rocking curves (DCRC). 
Through DCRC the concentration of point defects, dislocations and the 
epitaxial layer strain can be determined and minimized to give layers 
capable of high luminescence intensity when doped with Mn. 

2.2 Growth of ZnS on Si Substrates 

The other choice of substrate for heteroepitaxial growth of ZnS was 
Si. The principal problem associated with the use of GaAs as a substrate 
for ZnS epitaxial growth is the large lattice mismatch between ZnS and GaAs 
(approx. 3.7%) which can produces a high density of misfit and threading 
dislocations in the ZnS epitaxial layer. Problems also exist because of 
the outdiffusion of Ga and As into the ZnS layer, resulting in compensating 
doping of the film. This effect is observed in heteroepitaxial ZnSe layers 
on GaAs^^»^^. In contrast. Si and ZnS are lattice-match to better than 
0.2% at room temperature, and Si diffusion into the ZnS layer from the Si 
substrate should be negligible due to better lattice matching and the lower 
reactivity of Si. Other advantages of Si substrates are their high 
crystalline quality, superior surface finish, mechanical strength and 
availability in large surface areas at comparatively low cost. From a more 
device-oriented comparison. Si is an ideal substrate for performing the x-y 
biasing and logic addressing in a composite ZnS/Si EL display panel. 

The major difficulty associated with heteroepitaxial or homoepitaxial 
layers on Si was attributed to the surface preparation Ideally, 
the Si surface must have a thin, porous, chemically grown surface oxide to 
protect it from atmospheric carbon contamination (which inhibits epitaxial 
nucleation), but which can be desorbed at temperatures less than 900^C to 
avoid thermal defect formation. Recently, Ishizaka, et al.^^ published a 
chemical treatment used for the epitaxial growth of both GaAs and Si on Si 
substrates. This cleaning procedure is given in Table 2 and produces a 
reproducible surface oxide. This cleaning procedure was used on (111)- 
oriented Si since it was reported that surface oxides on (lll)-oriented Si 
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decompose at 100°C less than oxide layers on (lOO)-Si surface^^* 

The ZnS growth runs on Si were performed in the Varian MBE/Genll 
machine used for the last three ZnS growth runs on GaAs. After chemical 
treatment and In-mounting, the Si substrates were loaded into the load lock 
and outgassed at 600®C for 3-4 hours. The substrates were kept under a 
vacuum of 4xl0“^torr until their use in a growth run. Background pressure 
during growth was approximately ixlO~^torr, although pressures were almost 
two orders of magnitude higher during the Si surface oxide desorption step 
because of the high temperature of the substrate and manipulator. The 
growth conditions and film results for ZnS on (lll)-oriented Si are shown 
in Table 3. Based on these results, a tentative model has been formulated 
for growth. After oxide desorption, the Si substrate has the literature- 
reported (7x7) surface reconstruction shown in Fig. 9. A variety of 
surface reconstructions appeared as the substrate temperature was decreased 
from the oxide desorption temperature to the growth temperature. When a 
flux of Zn and S 2 was incident on the substrate above 300°C, the surface 
reconstruction changed to a (2x2) pattern as shown in Fig. 10. Note that 
the pattern shows little (no) intensity modulation along the zero-order 
Laue zone and exhibits well defined higher order Laue zones. Such features 
result from the long-range periodicity and high crystalline quality of the 
Si substrate and surface. However, no observable ZnS deposition occurred 
on the Si substrate under these conditions, although the (2x2)- 
reconstruction pattern was clearly associated with the Zn- and 
The absence of film growth coupled with the surface reconstruction 
dependence on incident flux at substrate temperatures above 300<^C suggests 
s that either Zn or S, but not both, resides on the (lll)-Si surface with 
some steady-state coverage. Future work using Auger Election Spectroscopy 
(AES) or X-Ray Photoelectron Spectroscopy (XPS) is planned to determine the 
chemical composition of the (2x2)-reconstructed Si surface. 

At substrate temperatures below 300°C, the substrate begins to color, 
indicating ZnS film growth. Therefore, the sticking coefficient of either 
the Zn or S (which ever component is not responsible for the (2x2) surface 
reconstruction) must be large enough to nucleate the film. However, the 
surface morphology and crystalline quality of these layers, as assessed by 
RHEED, was poor. A possible cause was non-optimum nucleation conditions 
for these films. Considering the small surface mobilities at substrate 
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temperatures below 300°C, improved surface quality and growth conditions 
are needed to insure defect-free nucleation of the epitaxial layers. A 
more obvious problem was the In loss that was observed to occur during 
oxide desorption. Because the Si substrates are attached to molybdenum 
blocks with liquid In, at the temperatures needed to desorb the surface 
oxide (approx. 800®C-900®C) significant amounts of In evaporate from 
underneath the substrate. This loss of thermal contact results in large 
temperature gradients across the substrate, incomplete surface oxide 
desorption and the possibility of the substrate falling off! The two 
former problems are believed to be the cause of the nonuniformities 
observed in the thickness of the ZnS epitaxial films. 

As a result of these studies we are presently concentrating our growth 
activities on the use of GaAs substrates and expect to present a paper on 
this work at the Third International Conference on II-VI Compounds. 

In conjunction with these growth studies we are making preparations to 
do In-free mounting for one- or two-inch Si wafers and also investigating 
the potential of photo-assisted MBE growth and/or chemical beam epitaxy of 
ZnS. Both of these growth techniques were recently reported in the 
literature and have demonstrated II-VI films of improved crystalline 
perfection and controllable doping. 
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Run 

Maximum 

Substrate 

Temp. 

Growth 

Temp. 

Beam 

Eauivalent Pressure 

Time 

of Growth 

Film 

#3 

630®C 

300°C 

1 .8xl0“^torr 

5 

hrs , 32 min 

No film on substrate 

#4 

650°C 

400°C 

8.5xl0“^torr 

2 

hr 3, 44 min 

No film on substrate 

#5 

400°C 

350° 

8.4xl0‘"^torr 

5 

hrs 

Nonuniform, purple 
f^m on substrate 
RHEED pattern shows 
twinning 

H 

325°C 

325°C 

8.7xl0“^torr 

4 

hrs, 4 min 

Same as Run #5, but 
green in color 

#7 

690°C 

475°C 

3.2xl0"^torr 

4 

hrs, 40 min 

Uniform, gold film on 
substrate; smooth 
surface morphology 

n 

700°C 

180®C 

4.4xl0"^torr 

3 

hrs, 16 min 

Uniform, green film 
on substrate; smooth 
surface morphology 

*9 

600°C 

250°C 

2.1xl0"®torr 

3 

hrs, 3 min 

No film on substrate 
ZnS furnace empty 

#10 

610°C 

250°C 

3 ,7xl0‘”^torr 

2 

hrs, 18 min 

Uniform, purple film 
on substrate; smooth 
surface morphology 


Table 1. Summary of results for heteroepitaxial ZnS on (lOO)-oriented GaAs. 
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1. Degreasing 


Rinse in overflowing deionized water for 10 min. 

Rinse twice in methyl alcohol bath for 5 min. with agitation 
Boil in trichlorethylene bath for 15 min. 

Rinse twice in methyl alcohol bath for 5 min. with agitation 
Rinse in overflowing deionized water for 10 min. 

2 . HNO^ boiling 

Boil in HRO 3 bath at 130^0 for 10 min. to etch Si surface region 
and to form the oxide layer. 

Dip in 2.5% HF solution for 10-15s, to remove oxide. 

Rinse in overflowing deionized water. 

Check the surface. If the surface does not dry uniformly, the 
HNO 3 boiling procedure is done once again. Generally, 3-4 
repetitions are performed. 

3. NH^OH boiling (alkali treatment) 

Boil in a solution of NH 40 H:H 202 :H 20 (1:1:3) at 90®C for 10 min 
to make a thin surface oxide. 

(Mix MHaOH and H 2 O and bring to temperature. Just prior to use, add H 2 O 2 .) 
Dip in 2.5% HF solution for 10-15s, to remove the oxide layer. 

Rinse in overflowing deionized water. 

4. HCl boiling (acid treatment) 

Boil in a solution of HC 1 :H 202 :H 20 ( 3 : 1 : 1 ) at 90^C for 10 min. to make a 
thin surface oxide. 

(Mix HCl and H20 and bring to temperature. Just prior to use, add H 2 O 2 .) 
Rinse in overflowing deionized water for 10 min. 

Check that the surface uniformly becomes wet. 

Spin dry. 


Chemicals used in this work were not specifically purified but 
commercial reagents were guaranteed as: 

HNO 3 : 64-66 w/o assay with less than 2ppm impurities; 

HCl: 35-37 w/o assay with less than 7 ppm impurities; 

H 2 O 2 : 30 w/o assay with less than 40 ppm impurities; 

HN^OH: 28-30 w/o assay with less than 10 ppm impurities; 

HF (50%), methyl alcohol and trichlorethylene: semiconduc- 

tor grade, deionized water: 14-15 M. ohm cm. alcohol. 

Table 2. Ishizaka surface preparation for Si substrates from Reference 16. 
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Maximum 

Substrate 

Oxide 

Growth 

Beam 

Time 


Run 

Temn. 

Desorb? 

Temn. 

Eauivalent Pressure of Growth 

Film 

#1 

97QOC 

No 

97QOC 

3.4xl0~^torr 

? 

Nonuniform, poly- 
crystalline film 

n 

970°C 

Yes 

600®C- 

350OC 

2.8xl0"^torr 

3 hrs, 16 min 

Nonuniform, 
colored film 

#3 

970°C 

Yes 

450°C 

1.8xl0”^torr 

3 hrs, 51 min 

No film on substrate 

U 

850®C 

Yes 

35QOC 

1.4xl0“^torr 

? 

Polycrystalline film 

#5 

900°C 

Yes 

450°C“ 

25QOC 

4.1xl0“^torr 

4 hrs, 17 min 

Polycrystalline/ 
twinned film 

#6 

9700c 

Yes(?) 

450OC- 

250®C 

5.8xl0"^torr 

5 hrs, 21 min 

Single crystal film, 
green in color 

#7 

970°C 

No 

900OC- 

2750 c 

l.lxlO”^torr 

6 hrs, 8 min 

Single crystal/twinned 
film, brown in color 


Table 3. Summary of results for beteroepitaxial ZnS on (lll)-oriented Si 
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1. QMS spectrum for ZnS/GaAs #6 

2. RUEED pattern of (lOO)-GaAs surface after oxide desorption . . . 

3. RHEED pattern of heteroepitaxial ZnS layer on (lOO)-GaAs . . . . 

4. RHEED pattern of (lOO)-GaAs surface with S£ and Zn fluxes 

incident at elevated temperatures 

5. RHEED pattern of (lOO)-GaAs surface with S£ and Zn fluxes 

incident as substrate temperature is lowered 

6. RHEED pattern of (lOO)-ZnS epitaxial layer on (lOO)-GaAs 

substrate 

7. Phase-contrast microscopy photograph of ZnS surface form Growth 

Run #8. Magnification is lOOOR 

8. SEM photograph of ZnS surface from Growth Run #8 at glancing 

incidence 

9. ItHEED pattern of the (lll)-oriented Si (7x7) surface 

reconstruction 

10. ItHEED pattern of the (lll)-oriented Si (2x2) surface 

reconstruction due to impinging Zn and S 2 fluxes 
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Figure 1. QMS spectrum for ZnS/GaAs #6. 
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Figure 2. RHEED pattern of ( 1 00) -GaAs surface after oxide desorption. 
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Figure 3. RHEED pattern of heteroepitaxial ZnS layer on (lOO)-GaAs. 
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Figure 4. RHEED pattern of (lOO)-GaAs surface with $2 and Zn fluxes 
incident at elevated temperatures. 
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Figure 5. RHEED pattern of (lOO)-GaAs surface with $2 and Zn fluxes incident 
as substrate temperature is lowered. 
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Figure 6. RHEED pattern of (lOO)-ZnS epitaxial layer on (lOO)-GaAs substrate. 
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Figure 7. Phase-contract microscopy photograph of ZnS surface from Growth 
Run #8. Magnification is lOOOX, 
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Figure 8. SEM photograph of ZnS surface from Growth Run #8 at glancing incidence. 
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Figure 9. BHEED pattern of the Cl II) “Oriented Si (7x7) surface reconstruction. 
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Figure 10. RHEED Pattern of the (111) -oriented Si (2x2) surface 
reconstruction due to impinging Zn and $2 fluxes. 



